Her3 is a member of the human epidermal growth factor receptor (EGFR) tyrosine kinase family, and it is often either overexpressed or deregulated in many types of human cancer. Her3 has not been the subject of small-molecule inhibitor development because it is a pseudokinase and does not possess appreciable kinase activity. We recently reported on the development of the first selective irreversible Her3 ligand (TX1-85-1) that forms a covalent bond with cysteine 721 which is unique to Her3 among all kinases. We also developed a bi-functional compound (TX2-121-1) containing a hydrophobic adamantane moiety and the same warhead of TX1-85-1 that is capable of inhibiting Her3-dependent signaling and growth. Here we report on the structure-based medicinal chemistry effort that resulted in the discovery of these two compounds.
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Her3 is a member of the human epidermal growth factor receptor (EGFR) tyrosine kinase family along with Her1 (EGFR), Her2 and Her4. EGFR family-dependent signaling frequently becomes deregulated in human cancers due to either receptor/ligand over-expression or oncogenic mutations that result in constitutive activation of the kinase domain. 1, 2 Extensive efforts to target activated mutants of EGFR and Her2 for the treatment of patients with non-small cell lung cancers (NSCLCs) and breast cancer has resulted in development of several FDA-approved drugs such as Gefitinib, Erlotinib, Lapatinib, and Afatinib. In stark contrast, Her3 has not been the intentional target of small-molecule inhibitor discovery efforts because Her3 has been historically classified as a 'pseudokinase' because: (1) early biochemical assays showed that Her3 was not capable of catalyzing auto-phosphorylation and phosphorylation of substrates, 3, 4 (2) Asp 813 of EGFR, a conserved residue acting as a catalytic base for the transfer of the phosphate group, is replaced with the catalytically ineffective Asn 815 in Her3, and (3) substitution of His 740 in Her3 for Glu 738 of EGFR prevents Her3 from forming a key salt bridge that is important for maintaining an active kinase conformation. 5, 6 A recent report suggests that Her3 may possess very weak kinase activity, 6 although it remains unclear whether this activity is required for Her3-dependent signaling. Despite questions regarding its kinase activity, Her3 is well documented as an essential hetero-dimerization partner with EGFR, Her2, and c-Met. 1, 2, 7 The Her3 kinase domain serves as an activator of a heterodimer 5, 8 resulting in phosphorylation of tyrosine residues in the C-terminus of the heterodimer followed by eventual activation of the PI3K/Akt signaling network. 1, 2 This crucial hetero-dimerization of Her3 has been suggested as a molecular basis of the acquired resistance in a subset of NSCLCs and breast cancer. 7, 9 These findings, in addition to the fact that Her3 is overexpressed and deregulated in several human cancers, [9] [10] [11] [12] [13] have inspired the development of antibody-based antagonists such as Pertuzimab which target the ligand binding domain of Her3.
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Here we describe our efforts to develop Her3-targeting small molecules that can down-regulate Her3-dependent signaling. We hypothesized that ATP-competitive Her3 ligands may exhibit (Fig. 1) . We selected KIN001-51 as our starting point to develop covalent Her3 binders because of its molecular simplicity and potential for facile modification to synthesize analogs. Molecular docking studies using the Her3 crystal structure (PDB ID: 3KEX) indicated that the phenyl ring immediately adjacent to the pyrrolopyrimidine ring of KIN001-51 is located close to Cys 721. Modeling results suggested that installation of an electrophile at the meta position of the phenyl ring might provide the correct trajectory for forming a covalent bond with Cys 721 (Fig. 2) . Based on these docking study results, SML4-82-1 (1a) possessing a meta-acryl amide, was synthesized as our first covalent Her3 binder. SML4-82-1 was prepared by iodination of 4-amino-7H-pyrrolo[2,3-d]pyrimidine followed by N-alkylation with bromocyclopentane (Scheme 1). The Figure 2 . A docking study of KIN001-51 against a Her3 crystal structure (PDB ID: 3KEX) suggested that SML4-82-1, the meta-acryl amide, might be capable of forming a covalent bond with Cys 721 of Her3. 4-phenoxyphenyl group was installed by a Suzuki coupling using 3-nitro-4-fluorophenylboronic acid and subsequent nucleophilic aryl substitution reaction with phenol. The protection of the exoamine with di-Boc group, reduction of the nitro group, selective formation of an acryl amide followed by the final deprotection of the di-Boc group provided the target compound. The IC 50 of SML4-82-1 was 286 nM in the fixed time-point binding assay. In order to determine whether SML4-82-1 could covalently modify Her3, we incubated purified Her3 with SML4-82-1 at a molar ratio of 1:10 (Her3/SML4-82-1) for 3 h at ambient temperature. Electrospray ionization mass spectrometry detected a single adduct between Her3 and SML4-82-1, although complete labeling was not achieved under the conditions examined (Fig. S1A ).
Several other incubation conditions were tested to improve the labeling efficiency without success. We attributed this, in part, to the intrinsic instability of purified Her3 protein which prevented incubations longer than 3 h or elevation of the temperature above 25°C. Despite the incomplete labeling, proteolytic digestion and analysis of the resulting peptides by LC/MS demonstrated the exclusive covalent labeling of Cys 721 (Fig. S1B) . These combined results demonstrate that SML4-82-1 is a potent, covalent Her3 binder. Despite SML4-82-1 being a covalent binder, based on our fixed 3 hour binding assay, its IC 50 is approximately 3-fold less potent than the reversible, non-acrylamide modified KIN001-51 (IC 50 = 85 nM). One possible interpretation is that Her3 labeling is incomplete after 3 h in agreement with the labeling efficiency determined by mass spectrometry. We therefore hypothesized that optimization of the electrophile or the trajectory of the acrylamide moiety would improve the potency of this compound. Therefore, we screened several different electrophiles varying the length and the reactivity to identify ones that could more rapidly modify Her3. The a-chloroacetamide 1b and the methylene acrylamide 1c were synthesized analogously to SML4-82-1. The a,b-unsaturated sulfone 1e, methyl ester 1f, and ketone 1g were synthesized by a Suzuki coupling reaction with 4-fluoro-3-formylphenylboronic acid followed by Horner-Wadsworth-Emmons reaction with corresponding phosphonate esters, respectively. Unfortunately, none of these alternative electrophiles resulted in more efficient labeling of Her3 relative to the acryl amide (Table 1) . We next sought to alter the dihedral angle between the pyrrole core and phenyl substituent by introducing ortho nitrogen. We observed that switching from the pyrrolopyrimidine core to the pyrazolopyrimidine (1a vs 1d) increased the potency by approximately 2 fold (Table 1) . Considering the most potent hit KIN001-111 also contains the pyrazolopyrimidine core, we decided to synthesize acryl amides of the pyrazolopyrimidine for the further development of potent, covalent Her3 binders.
To further improve the labeling efficiency of the compounds, we employed structure-guided hybridization of our lead compounds with alternative Her3 scaffolds as this has previously proven to be a productive approach. 25, 26 We envisioned that incorporation of the solubility enhancing tail of the most potent hit KIN001-111 to 1d might provide more potent covalent Her3 binders, which led us to synthesize TX1-85-1 (Fig. 3) . The synthesis of TX1-85-1 commenced with installation of the solubilizing tail to 3-iodo-4-aminopyrazolo[3,4-d]pyrimidine through a 3-step sequence: Mitsunobu reaction with 1,4-dioxaspiro[4.5]decan-8-ol, deprotection of the ketal group, and reductive amination with 1-acetylpiperazine (Scheme 2). The synthesis of TX1-85-1 was completed using the same route as we described in the synthesis of SML4-82-1. TX1-85-1 possessed a substantially improved IC 50 of 23 nM in our FRET-based binding assay, approximately 6 times more potent than 1d. Electrospray ionization mass spectrometry unambiguously revealed covalent modification of Her3 by TX1-85-1, although the labeling was still not complete after the 3 hour incubation (Fig. S1C) .
We investigated the specificity of TX1-85-1 against the entire kinome. A live cell chemical proteomics experiment using the KiNativ approach [27] [28] [29] Her3 requires hetero-dimerization with either EGFR, Her2, and c-Met to initiate Her3 cellular signaling. Despite its low kinase activity, the Her3 kinase domain has proven to serve as an ''activator'' within the asymmetric heterodimer resulting in Her3-dependent signaling. 5, 8 We hypothesized that perturbation of Her3 dimer may impair the activating function of Her3 and eventually inhibit Her3-dependent functions. One approach we envisioned was targeted, selective Her3 degradation by using our selective, covalent Her3 binders as a foothold. Recent reports have shown that covalent modification of target proteins with hydrophobic groups can result in proteasome-mediated degradation. [31] [32] [33] A detailed understanding of this phenomenon has not been fully achieved but presumably relies on mimicry of a partially unfolded state for the target protein by adding a hydrophobic tag which turns on the protein homeostasis machinery degrading the target protein by the proteasome. 31 We modified our covalent Her3 binders with dense hydrophobic adamantine tags, which have been used previously for induction of proteasomal degradation with a minimal increase of molecular weight. 32 One of these bivalent conjugates TX2-121-1 (2e) was prepared by N-alkylation of 3-iodo-1H-pyrazolo [3,4-d] pyrimidin-4-amine with tert-butyl 4-bromopiperidine-1-carboxylate followed by deprotection of Boc group to furnish a free piperidine (Scheme 3). Another N-alkylation with N-boc-2-bromoethylamine, subsequent installation of the 4-phenoxyphenol group, and deprotection of Boc group provided a free primary amine. The adamantane moiety was introduced by an EDC-mediated amide coupling with (R)-4-((3R,5R,7R)-adamantan-1-yl)-2-methylbutanoic acid, 32 and the final formation of an acryl amide completed the synthesis of TX2-121-1. The other four compounds were prepared in an analogous fashion. The FRETbased binding assay indicated that these adamantane conjugates still retain the ability of binding to Her3, showing IC 50 s of most conjugates were close to 50 nM ( Table 2) . We also performed a live cell chemical proteomics experiment using the KiNativ approach for TX2-121-1, which proved again that TX2-121-1 is a selective binder of Her3 at 2 lM (Table S1 ). Next, we tested the feasibility of the degradation of Her3 with 4 adamantane conjugates and TX2-120-1 (2a) (a negative control possessing no adamantane group) that possessed an IC 50 of approximately 50 nM. Treatment of PC9 GR4 cells with 4 conjugates at concentrations of 1 and 5 lM for 12 h induced partial degradation of Her3 (Fig. 4) . The degree of Her3 degradation was dependent on both the type and length of the linker, and the best potency was seen with TX2-121-1 which we advanced for further investigation of the effects of the adamantane conjugates on Her3-dependent cell growth and signaling. To examine the requirement of the covalent bond formation, we replaced the reactive acryl amide group with the non-reactive propyl amide to produce a negative control (TX2-135-2 (2f)) that maintained the binding ability to Her3 showing an IC 50 of 326 nM (Table 2) . With TX2-121-1 and its two different negative controls (TX2-135-2 and TX2-120-1) in hand, we investigated and compared the effect of these three compounds on downstream signaling of Her3 Table 2 Bivalent TX1-85-1-adamantane conjugates to induce the degradation of Her3 by western blot. 30 We observed that treatment of TX2-121-1 with serum-starved PC9 GR4 cells for 12 h at concentrations of 0.5 and 2 lM followed by stimulation with Neuregulin (NRG) attenuated phosphorylation of downstream Her3 effectors (Erk and Akt), while the non-covalent analogs, TX2-135-2 and TX2-120-1, lacking the adamantane group were less effective at inducing Her3 degradation or blocking Her3-dependent signaling. 30 Furthermore, an antiproliferation assay with PC9 GR4 cell lines also demonstrated that TX2-121-1 was approximately 7-fold more potent than TX2-135-2, and TX2-120-1 apparently showed little anti-proliferation effects. 30 These combined results emphasize the importance of bivalent conjugates in that both covalent modification of Her3 and the hydrophobic adamantane moiety are required to inhibit Her3-dependent signaling and cell proliferation. Finally, we examined the effect of the partial degradation of Her3 on the hetero-dimerization of Her3, especially with Her2 and c-Met by treating PC9 GR4 cells with TX2-121-1 at 1 lM for 6 h and washed out unbound compounds. We observed that unlike TX2-135-2, TX2-121-1 reduced the co-precipitation of both Her2 and c-Met with Her3, which indicates that our bivalent conjugates can also perturb hetero-dimerization of Her3. 30 To summarize, we have developed the first ATP-competitive, covalent Her3 binders targeting Cys 721 using high-throughput screening followed by structure-based drug design. The most potent covalent Her3 binder, TX1-85-1 was obtained by structure-guided hybridization between the most potent screening hit KIN001-111 and 1d which was evolved from the very first covalent Her3 binder SML4-82-1 by adapting the pyrazolopyrimidine core. The covalent modification of Her3 by TX1-85-1 was unambiguously confirmed by mass spectrometry, and the KiNativ profiling demonstrated that TX1-85-1 is a highly selective Her3 binder. Despite complete intracellular target engagement of Her3 with TX1-85-1, however, TX1-85-1 did not effectively inhibit either Her3-dependent signaling or cell proliferation, suggesting that inhibition of the low kinase activity of Her3 may not be effective for blocking Her3-dependent biological functions. It is well established that hetero-dimerization of Her3 is required to activate Her3-dependent signaling, and perturbation of the heterodimerization of Her3 has emerged as an alternative approach to inhibit Her3-dependent signaling. For this purpose, we pursued the hydrophobic tagging approach for the selective degradation of Her3, resulting in the synthesis of the bivalent TX1-85-1-admantane conjugate, TX2-121-1. This bivalent conjugate indeed induced the partial degradation of Her3, attenuated phosphorylation of downstream effectors of Her3, and suppressed the growth of Her3-dependent cell lines. Furthermore, TX2-121-1 perturbed the hetero-dimerization of Her3 with either Her2 or c-Met. Both the covalent bond formation and the adamantane moiety were required for these effects. Although we need to further increase potency of these bivalent conjugates in order to make them clinically meaningful, detailed mechanistic investigation of the protein degradation process will likely enable the optimization of linkers and hydrophobic tags to produce more potent bi-functional conjugates. Her3 has been classified as a 'pseudokinase', thus it has been believed 'undruggable' by small molecules. Our results provide one of the first successful demonstrations of employing small molecules to target Her3-dependent functions, and we hope to stimulate subsequent research efforts to inhibit Her3-dependent signaling with small molecules.
